ute to the amount of tethered chain between the PS and the network. First, the chain will pull out of the network and remain on the substrate until the penetrated length reduces to the size of the relaxed plume, which acts as an anchor. As the plume decreases in size with increasing slip speed, the fraction of the tethered chain on the substrate will increase with slip speed. Second, the kinetics of the penetration of an end-grafted chain into a network, which has been studied theoretically (17) and by simulation (18), will have an effect. Initially, penetration is very rapid until the patch of chain on the substrate (between the tether point and the point of entry to the network) becomes stretched. However, complete penetration is a very slow process, and it is reasonable that it might not occur in the time scales observed here, about 0.5 x 10-3 S.
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At low speeds, the 2.4-nm layer showed friction similar to that of the 0-nm and 1.2-nm layers but much lower friction at high speeds. Presumably, much of the tethered chains can again penetrate the network at low speeds, but a slip speed of only about 1 gm s-1 is required to start forming a layer of the tethered chains on the PS. For the 5.6-nm layer, the friction was reduced from that observed for the 2.4-nm layer over the whole experimentally accessible speed range. The shear stress at the lowest observable velocity, 0.01 gum S5t, was reduced by a factor of 2.
The measurements were not taken over a long enough time scale to test for the existence of a finite shear stress as the velocity tended to 0, but none of the thinner layers showed linear, viscous-like slip at low velocities. Compared to the 5.6-nm layer, the 9.2-nm layer showed only a small decrease in shear stress at high velocity but at low velocity showed a considerable decrease in shear stress so that the stress apparently tended to 0 at 0 velocity. Hence 101-2 N s m-l, this lower bound value for the slip coefficient is 3.7 x 107 Pa-s m-', much lower than that observed. Clearly there is some penetration between the end-tethered layer and the network. The slip coefficient can also be compared with the value expected if the chains penetrated the network fully, but the friction was just simple segmental friction rather than the enhanced friction predicted by Ajdari, Rubinstein, and co-workers. These simple segmental friction assumptions give a coefficient of lX;Z = 4.5 x 10' Pass m' (where Z = 919 is the degree of polymerization of the tethered chains), still 50 times smaller than the value observed. Clearly the simple models based on segmental friction are not consistent with our results. Hence, even with thick layers friction is enhanced by the chain pullout effects described by Ajdari, Rubinstein, and co-workers (12, 13 . ; .1 .
The detailed molecular and structural information available for these homogeneous and repetitive rigid surfaces offers means of identifying the molecular attributes that directly influence the interactions occurring in the cell substrate recognition process.
In a previous study, we found that two structurally distinct faces of the same crystal, calcium (R,R)-tartrate tetrahydrate, differ greatly in their capacity to serve as adhesive substrates (5) . These prismatic crystals are delimited by two different face types, denoted {011} and {101} (6) , which are by definition chemically equivalent, but differ in their structural organization (7, 8) . Within 10 min after plating, a massive attachment of epithelial cells (Xenopus laevis kidney A6 cell line) occurred on the {01 1} faces. This binding is presumably independent of exogenous proteins as it is not affected by Arg-Gly-Asp (RGD) peptides (9) or the presence of serum in the medium. In contrast, cell adhesion to the {101} faces is relatively slow (>24 hours), is promoted by serum proteins, and can be inhibited by RGD peptides. The rate of adhesion to the {01 1} faces is faster than that observed on "conventional" tissue culture substrates, whereas the binding to the {101} faces is much slower.
The differential behavior of the cells toward the two distinct faces suggests that adhesive interactions are sensitive to surface organizational variations on the angstrom scale. This means that an approaching cell "senses" only the groups directly exposed at the surface or within the first few (3 to 4) angstroms (5). However, it remained unclear whether direct recognition and cell attachment are determined by the general chemical nature (or chemical potential) of the surface or by its specific structural and molecular organization. To address this question, we exploited the chiral nature of the tartrate molecule and investigated the adhesive response of A6 cells to the enantiomorphous crystals of calcium (R,R)-and (S,S)-tartrate tetrahydrate crystals. These two crystals have exactly the same intermolecular lattice organization, but both the component molecules and the structure are mirror images of each other (Fig. 1) that both enantiomers of tartrate, in solution, have no apparent effect on adhesion and growth on conventional tissue culture surfaces. Cells were then seeded in dishes containing saturated medium and crystals of either one of the enantiomorphs. The manner in which they attached to the crystals was determined by light and scanning electron microscopy. After 10 min of incuba-A tion, the {0 11} faces of the (R,R) crystal form were densely covered by adherent A6 cells ( Fig. 2A) , whereas almost no cells were observed on the equivalent faces of (S,S) crystals (Fig. 2B ). Both the extent and kinetics of the "slow" cell adhesion to the {101} faces of the two enantiomeric crystals, which was apparent -24 hours after plating, were identical (Fig. 2, C and D) . The symbols in bold highlight stereospecific, direct cell attachment. Neither crystal type provided compatible surfaces for CEF cell adhesion. The MCF7 cells were insensitive to both structural and chiral parameters of the substrate as well as to presence of the RGD peptide. Chiral recognition through an RGD-independent mechanism was observed in A6, MDCK, and RAT1 cells. All of the cell types were cultured as described in Fig. 2 at 37MC , except the A6 cells, which were incubated at 28WC. In the experiments with RGD peptide, 50 ,ug/ml of the synthetic peptide Gly-Arg-Gly-AspSer (Bachem, Switzerland) were added to the complete medium before cell seeding. Crystallization, cell seeding, fixation, and electron microscopy monitoring were performed as described in Fig. 2 The stereospecificity ofthe adhesion to the {01 1} faces of the (R,R) crystals was unambiguously established by the following experiment. Cells were plated on an artificial homogeneous 1:1 mixture (60 mg) of the enantiomorphous (R,R) and (S,S) crystals. The cells were fixed 10 min after seeding to enhance their contrast (11) . The crystals on which cells were observed under a stereomicroscope were hand picked and separated. The separated fraction of cell-coated crystals (16.2 mg) was dissolved (in 1 ml of 1 M HCI). The measured optical activity of the solution (a = +0.1^0, laiD = +6.30) corresponded to (R,R) tartaric acid of86.2% enantiomeric purity. The experiment was repeated, yielding laxD = +6.06, corresponding to (R,R) tartaric acid of 83% enantiomeric purity (11) . This sorting experiment is reminiscent of that performed by Pasteur in 1848 whereby sodium ammnonium tartrate crystals were sorted manually according to their distinct hemihedral morphology (12) . Because calcium tartrate tetrahydrate crystals do not develop hemihedral faces and are indistinguishable morphologically, the results of this experiment depended solely on the ability of the cells to distinguish between the {01 1} faces of the two enantiomers. The results indicate that these cells are able to differentiate between structural organizational motifs, even down to the level of molecular chirality.
To determine whether the stereospecific (Table 1) . Although the identity of the specific elements involved in the recognition process remains to be determined, these results suggest that recognition depends on chiral molecules (or macromolecules) binding to defined molecular moieties on either (R,R) or (S,S) tartrate molecules, exposed at the {011} crystal surface.
Adhesion may be viewed as a biphasic process composed of "nucleation" and "extension" stages (2). In molecular terms, the nucleation phase may involve relatively rapid local surface interaction. The extension stage requires a major organization of the cytoskeleton, leading to gross changes in cell shape and recruitment of specific adhesion receptors to these sites (13) . In conventional adhesive substrates, the molecular heterogeneity (14) of the surface presumably provides a balanced variety of binding sites for both stages, rendering it difficult to distinguish between the two. Our experiments provide a means of experimentally distinguishing between the nucleation and extension stages. Furthermore, the crystals present an artificially dense array of selected chemical moieties as a repetitive and homogeneous lattice, thus amplifying interactions that are probably rare (sparse) on physiological substrates. It is tempting to speculate that the massive rapid adhesion to the {01 1} faces represents an excessive, chirally restricted nucleation event that is not followed by normal cell spreading and development of focal adhesions, whereas adhesion to the {101} faces is characterized by poor nucleation, followed by slow, yet effective, development of stable adhesions.
{01 1}, includes a set of faces-(01T), (011) 
